Airtightness plays a significant role in buildings energy efficiency. This paper describes validation of the new model for predicting airtightness values of residential units. This model utilizes a neural network in prediction of airtightness and is obtained based on in situ measurements at 58 units in the local Osijek area (Croatia) carried out during 2013. The model presents new approach to airtightness estimations by using 4 corrective factors associated with building envelope elements and their airtightness properties. The model was validated in local field conditions, but independent validation of the model in this paper was made on 5 residential buildings in the Republic of Serbia in order to determine its applicability on new data set outside local area of Osijek. The proposed model requires reduced amount of data for predicting airtightness values of residential units and therefore is faster and more economical than the actual field measurements. The proposed model could also be used for predicting airtightness values at the initial design phase already, as well as for planning systematic energy refurbishment of residential buildings in order to achieve adequate energy efficiency and appropriate thermal comfort in accordance with EU recommendations in this field.
Introduction
Airtightness of the building prevents uncontrolled airflows through the building envelope, which can lead to problems related to the hydrothermal performance, health, energy consumption, ventilation systems performance, thermal comfort, noise, and fire resistance [1] . Infiltration, and therefore airtightness, is important because it impacts building energy use, and the transport of contaminants between indoor air and outdoor air (i.e. ventilation) [2] .
Airtightness is an important factor related to energy efficiency, thermal comfort, and indoor air quality of buildings. Therefore, understanding airtightness is important for designing new buildings and retrofitting existing buildings [3] . Sustaining and developing global civilization depends on providing sufficient affordable energy and protecting the environment [4] . Buildings are complex energy systems and the biggest individual consumers of energy, and the European building sector is responsible for about 40% of the total primary energy consumption [5] . Saving resources of fossil energy was the central requirement at the international conferences in Rio de Janeiro, Berlin, Kyoto, The Hague and Bonn. It is expressed by the target of a 20% share of renewable energies in overall EU energy consumption and a 20% reduction of greenhouse gas emissions by 2020 adopted at the EU spring summit 2007 and announced in 2008. [6] . A great amount of energy is partly wasted because buildings constructed several decades ago do not meet the energy efficiency requirements according to the current EU legislation. A significant percentage of such buildings will continue to be in use for many years to come and, unless they are renovated in terms of energy performance, they will continue to needlessly consume massive amounts of energy for heating, cooling, appliances operation and lighting [7] . Any activity done in the building during its operational stage can be characterized as either refurbishment or retrofit. The term refurbishment implies the necessary modifications in order to return a building to its original state, while retrofit includes the necessary actions that will improve the building's energy and/or environmental performance [8] . The research for this paper was preceded by:
• Field-testing airtightness of residential units. The research was the first such research in Croatia and it took place as part of the IPA Cross-border Cooperation Programme between the Republic of Hungary and the Republic of Croatia under the title "Airtightness investigation of rooms from the point of view of energy and comfort", (ID: HUHR/1001/2.1.3/0009), which was co-financed by the European Union and • Development of a predictive model for residential units' airtightness prediction by using neural networks and data bases obtained from above mentioned research.
This paper aims to conduct further analysis of the obtained predictive model and to proceed with independent validation of the model on 5 residential buildings in the Republic of Serbia in order to determine its applicability on new data set outside the Osijek local area. The proposed model could be used for predicting airtightness values at the initial design phase already, as well as for planning systematic energy refurbishment and/or retrofit of residential buildings in order to achieve adequate energy efficiency and appropriate thermal comfort in accordance with EU recommendations in this field.
Airtightness Measuring
The most frequently used method for measuring airtightness of buildings is the pressure difference method (the "blower door" test). This method is used to assess the relationship between the pressure difference over the building envelope, P [Pa] , and the airflow rate through the building envelope, Q [m3/h]. The "building envelope" refers to several types of opaque and transparent perimeter structural elements, which separate the internal heated (cooled) space from the external unheated (uncooled) space. Airtightness results are often presented as air changes per hour at 50 Pascals, applied uniformly across the building envelope (n50, ACH at 50 Pascals) [9] . Application of this method is described in detail in the HRN EN 13829:2002 standard (Thermal performance of buildingsDetermination of airtightness of buildings -Fan pressurization method), which is prescribed in the Republic of Croatia by the Technical Regulation related to rational use of energy and thermal protection in buildings (Official Gazette No. 110/08). The airtightness of each building was measured by using Blower Door test in accordance with EN ISO 13829. Measurements were carried out following method A-common building use-of EN ISO 13829 while also applying a pressure difference of 50 Pa in order to fulfil the requirements of EN ISO 13790. For the purposes of this study a database on residential units in the area of Osijek-Baranja County was made. The database comprises of 58 residential buildings, 47 of which are in the area of the city of Osijek (81,36% of residential buildings), while the remaining 11 (18,64%) residential buildings are located in suburban areas. Measured value of airtightness at a pressure difference of 50 Pa (n50) for the entire database of residential units ranged between 0.76 and 19.64 (1/h). Calculation was made of the average airtightness values for non-renovated residential units in individual periods of construction as shown in Table 1 . These results show a trend of significant improvement in airtightness in the periods of recent construction, which could be expected considering the technical and technological advancements in construction. The age of residential units at the European Union level (average values from year 2010. without Bulgaria; Source: Age distribution of housing stock, Housing Statistics in the European Union 2010) and Air Tightness Project were compared and the results are presented in Figure 1 . The results in Figure 1 show that shares of residential units according to the construction year in total number of residential units at project level and at the EU level are somewhat analogous. The said results are important because this research has tendency for developing a predictive model which could be applied in all EU countries. 
Predicting airtightness by using neural networks
For the purpose of testing the possibilities of using neural networks for predicting airtightness in residential units measured using the blower door method, an evaluation system was created for evaluating input parameters which were found in the course of the study to have an effect on airtightness results, explained in details in [7] . The input data for the database used for learning in the neural network for predicting airtightness of residential units were classified in four groups of input parameters. These are the following parameters:
1. Opaque part of the residential unit envelope 2. Transparent part of the residential unit envelope 3. Percentage of transparent parts in the residential unit envelope 4. Percentage of residential unit envelope exposure
The input parameters of opaque and transparent parts of residential unit envelopes also include different characteristics of materials and structures used as the criteria for corrective factors. While parameters 3 and 4 are represented only by their numerical value, parameters 1 and 2 need a series of "corrective factors" to be implemented. The corrective factor is a numerical value which is associated with each of the mentioned input parameters 1 and 2, depending on different characteristics, as shown in Table 3 . Higher values of corrective factors are associated with building envelope elements that theoretically have better airtightness properties i.e. thicker construction elements (walls, ceilings, floors...), less porous materials and high quality openings (influence of glazing type, frame material type...). Higher corrective factors also correspond to the execution quality of works, how well the elements are maintained, design details and age of the construction elements and openings. According to abovementioned all corrective factors were obtained empirically and according to the previous research findings [7] . The percentage of transparent parts of residential unit envelope and percentage of residential unit envelope exposure i.e. values of input parameters 3 and 4 were calculated depending on geometrical and floor plan characteristics of residential units, based on collected data. Table 3 Possible values of corrective factors for input parameters used in predicting airtightness of residential units [7] .
Input parameter 1:
Opaque part of residential unit envelope 
Validation of model for predicting airtightness
Neural networks are applicable in a great number of practical problems the solution of which requires knowledge which is hard to specify, or for systems wherein the relationship between input and output data has an existing, but not clearly (in theoretical and mathematical terms) described connection. Good results are obtained in analysis and prediction of results in non-linear systems, which is what most real-life systems usually are. Rumelhart et al (1986) provided first settings for a back-propagation type neural network [10, 11] , which showed great potential for predicting non-linear temporal data series. Neural network was applied in predicting airtightness (n50) of residential units measured by the blower door test method [7] . Correlation coefficient according to NeroShell2 between measured data and neural network prediction is 95.37%, and the obtained mean prediction error is 0.835 (Figure 2 ). Due to a small database which was available for neural network learning, there was a danger of over-training the network. Over-training affects the generalization ability of the network and it is most easily evaluated on an independent data set which the network had no access to during the training stage. Having in mind that the test data set generated in the NeuroShell2 had only 11 data sets (20% of the entire database), independent validation was conducted using a new set of air permeability measurements. An additional database containing subsequently measured air permeability values of residential units was created after the model. Validation data set was created analogously with the basic database for neural network learning. Validation data set used the "predict" function of the neural network from NeuroShell2 and validation was done in Excel, ensuring that the mentioned data were not accessible to the neural network during training. A comparison between the measured airtightness values and airtightness values obtained by prediction using two independent validation data sets (applying the model for the new measurements) is shown in the diagram in Figure 3 . Fig. 3 . Measured airtightness n50 and airtightness obtained by prediction using two independent validation data sets
Conclusion
Comparison of the results obtained by measurement and prediction models indicates that the model gives consistent results on the validation data set, as well as on the basic data set. The first validation set, first 20 measured values, was created analogously with the basic database for model in local condition. The second validation set, last 5 measurements were made in another country (Serbia), with other reviewers. Validation of the prediction model based on a set of measured data in the new environment confirms that the application of the model does not seem to be locally conditioned. This model can be improved by taking into account more input parameters and based on more precise identification of the input parameters proposed in this paper. The basic advantage of this type of prognostic model for airtightness in residential units is the possibility of fast assessment of the value of airtightness without the need to conduct field measurements. The results obtained through the prognostic model can be applied in planning systematic energy refurbishment and/or retrofit of residential buildings in order to achieve adequate energy efficiency and appropriate thermal comfort, in accordance with EU recommendations in this field.
